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Abstract 
Investigation into Compositional and Mechanical Property Differences of the 
Microstructure in Two Strains of Mouse Femoral Bone 
Melanie A Patel 
Surya Kalidindi Supervisor, PhD and Haviva Goldman Supervisor, PhD. 
 
 
 Hierarchical linkages of bone structure and mechanical properties at lower length 
scales to macroscopic properties remain poorly understood [1, 2]. Critically assessing the 
bone architecture at different length scales using a combination of advanced materials 
characterization techniques is necessary to study connections between bone structure and 
properties. The gap in understanding these linkages from higher length scales to 
microscopic features is clearly needed for assessing bone health. Oftentimes fracture risk 
is assessed using Dual-Energy X-ray Absorptiometry (DXA) to measure bone mineral 
density (BMD) [3]. Bone strength is not accurately described solely by BMD as 
evidenced by the fact that BMD only accounts for 60-70% of variation in bone strength 
[3]. More attention must be paid to understanding bone quality, looking at tissue and 
matrix level composition as well as geometry, assessing tissue quantity and distribution 
[4]. 
This research is preliminary work aimed at establishing methodologies for 
reliably assessing bone composition and mechanical structure at the microscale. Two 
strains of inbred mice were chosen as the bone model because they offer an identical 
genome within a strain and are well-established in bone disease research [5]. The bulk of 
this research focuses on using Raman spectroscopy to assess compositional differences 
between two strains of inbred mouse femoral bone. These strains were selected because 
of their known macroscopic property differences. Looking at the postero-lateral cortex, 
areas of newly formed bone and matured bone are sampled using line maps. This 
 x
captures the entire formation process of bone from deposition to resorption. Particular 
attention was paid to impurities of the crystal lattice, carbonate and monohydrogen 
phosphate. Typically, B-type carbonate substitution is studied since it makes up the bulk 
of impurities in the phosphate lattice [2]. This research investigated monohydrogen 
phosphate impurities as well, looking at the maturation process of the mineral across the 
bone cortex. Mineral to matrix ratios were also assessed to determine peak level of 
mineralization in each strains.  2-D maps of mineral to matrix composition gave more 
insight into the bone formation process between strains. Lastly, nanoindentation tests 
were performed to elucidate the modulus of the material from the postero-lateral cortex, 
again sampling bone from the depositional edge to the resorption edge. This gives a good 
picture of the difference in modulus between newly laid down bone versus fully 
mineralized bone. The AJ strain should show an increased mineral to matrix ratio and 
modulus since it has a higher ash content versus the B6 strain. The mineral maturation 
process in both strains is not well known so it will be interesting to see which strain has 
higher level of impurities in the crystal lattice. 
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CHAPTER 1: BACKGROUND AND LITERATURE SURVEY 
 
1.1 General Bone Background 
Bone is a composite material containing an inorganic phase, consisting of 
hydroxyapatite crystals (HAP) and an organic phase, made of collagen fibrils. The 
mineralized collagen fibrils are considered the basic building block of the bone [1]. They 
are highly complex structures with up to seven hierarchical levels of organization (Figure 
1.1). As their name suggests the collagen fibrils are composed of the fibrous protein 
collagen. Collagen is the main component of the three-dimensional matrix onto which the 
mineral crystals, in a form similar to hydroxyapatite (Ca10(PO4)6(OH)2), are formed with 
the third major component being water [1, 2]. By volume, the mineral content of bone is 
about 50% [2]. The crystals formed are difficult to study because they are exceedingly 
small and of the order of a few hundred angstroms (1* 10-10m) [3]. These crystals are 
believed to be the smallest biologically formed crystals known. They are closely related 
to the collagen framework resulting in a highly complex but ordered mineral-organic 
composite material, at least in the case of lamellar bone. In this form of mature bone 
organization, the collagen and mineral components form a layered structure consisting of 
lamellae which are a few microns thick.  
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Figure 1.1 Hierarchical structural organization of bone (left to right) cortical and 
cancellous bone; osteons; lamellae; collagen fiber assemblies of collagen fibrils; bone 
mineral crystals and collagen molecules. Figure by Dr. Goldman, Organ cross-section 
and tissue level images by Dr. Alan Boyde, used with permission. 
 
 
 
Bone Components 
 Almost all bone is comprised of two basic architectural organizations at the 
macro level: cortical (compact) bone or trabecular (cancellous) bone [2]. Compact bone 
makes up approximately 80% of the skeletal mass and forms the outer wall or “shell” of 
all bones and is largely responsible for the supportive and protective function of the 
skeleton. Cancellous bone makes up the remaining 20% of skeletal mass. It is a lattice of 
large plates and rods known as trabeculae and is found primarily in the inner parts of the 
bone [2, 4]. Compact and cancellous bones are comprised of lamellae which will be 
discussed in further detail later. Regularly spaced between lamellar compact and 
cancellous bone are small cavities called lacunae which house entrapped bone cells called 
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osteocytes [2]. These cells are connected to one another by cell processes which run in 
thin, tubular channels called canaliculi, allowing for intercellular communication, 
diffusion of nutrients, and may possibly play a mechano-sensory role [4]. In the compact 
bone of some species, including humans, lamellae are often formed in concentric rings 
around a longitudinal vascular channel. Collectively the vascular channel and the 
surrounding lamellae form a structure called an osteon or Haversian system. Surrounding 
the outer border of each osteon is the “cement line”.  In other areas of a bone, lamellae 
can extend uninterrupted around the circumference of a bone. These lamellae are 
commonly called circumferential lamellae. Angular fragments of previous concentric and 
circumferential lamellae can fill the gaps between Haversian systems; these are referred 
to as interstitial lamellae. Cancellous bone consists of a network of anastomosing 
trabeculae with intertrabecular spaces containing bone marrow. Each trabecula is 
composed of a “mosaic” of angular segments formed by parallel sheets of lamellae [2]. 
 
Collagen 
   Type I collagen forms a 3-D framework in which the crystals grow. The basic 
building block of the collagenous framework is the triple-helical molecule [3]. Collagen 
consists of three amino acids: glycine, proline and hydroxyproline. The structure follows 
the sequence of Glycine-X-Y where X is proline and Y can be either proline or 
hydroxyproline. The three chains are hydrogen bonded together between the 
hydroxyproline and the glycine. Although hydrogen bonds are weak individually, 
together they make for a strong union. The packing of collagen to form a fibril proposed 
by Hodge and Petruska can be seen in reference 1. In the Hodge-Petruska model, the 
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triple helical molecules are arranged in a staggered array such that the gap or hole exists 
between the NH2-terminus of one of the triple helical molecules and the COOH-terminus 
of the next [3]. In two-dimensions this would represent a zone of densely packed 
molecules (overlap) and a zone of less densely packed molecules (hole). The three-
dimensional scheme is the subject of many debates. The Hodge-Petruska structural model 
represents the basis of all current concepts of collagen [3]. Fibrils almost never exist 
alone in biological tissues which makes them difficult to study [1]. They align themselves 
and form a larger structure known as a fiber. The packing of fibrils can vary depending  
on the tissue location and the mechanical properties necessary [1].  
 
Crystals 
The crystals are composed of a carbonate apatite mineral, which possesses a 
hexagonal crystallographic symmetry but the bone crystals do not express this symmetry 
[3]. Translating the Hodge-Petruska model into 3-D and figuring out where the crystal 
structures are organized with respect to the collagen framework is problematic [3]. The 
traditional theory is that the crystals which are a couple hundred angstroms long and 
about 20 angstroms wide are located in the holes and gaps inside the fibrils. All other 
crystals are located either between the triple helical molecules that make up the collagen 
or outside the fibrils. This theory works well since the crystal shapes, sizes, orientations 
and dimensions of individual gaps all fit together perfectly. However, it has been reported 
that the mature crystals can be present as needles, thin plates, or leaves and their sizes are 
15 to 30 Å in thickness and 100 Å long [2, 5]. Some speculate that the shape of the 
crystal changes over time as it matures [5]. The crystals in the same region have been 
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observed under Transmission Electron Microscope (TEM) as edge-on (as needles) and 
face-on (as plates) [11]. Mineralized collagen fibrils are more easily studied in turkey 
tendons. In this case, the crystals are observed to be arranged in parallel layers across the 
fibril lengths with the c crystallographic axes aligned with the fibril lengths [6]. Another 
theory is that the crystals are regularly distributed at intervals of 600 to 700 Å along the 
length of the collagen fibers [2]. Furthermore, the crystal has three zones: (1) crystal 
interior, (2) crystal surface, (3) hydration shell. The hydration layer facilitates the 
exchange of ions between the crystal and the body fluid. The crystals are minute and 
impure, containing many ions, not just calcium, phosphate, and the hydroxyl ions 
traditionally found in pure, synthetic hydroxyapatite (Figure 1.2) [2]. Apatites, in general, 
are more accommodating to chemical substitutions [7].  These substitutions can affect 
bone’s chemical and physical properties such as solubility, density, hardness, and growth 
morphology [7]. The most common substitution in the HAP lattice is carbonate (CO3-2) 
which accounts for 5-8 wt.% of the mineral [8]. Carbonate can substitute into the 
phosphate lattice or in place of the OH-, B-type or A-type substitution, respectively; the 
latter accounts for a minimal amount of carbonation in the crystal.  
 
 
Figure 1.2 Hydroxyapatite chemical formula showing substitutions’ lattice site locations. 
The highlighted molecules are of particular interest in this research.  
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Lamellae 
The individual lamellae of bone consist of a fibril matrix with collagen fibers 
interweaving. The fibers can run in the longitudinal, transverse or various oblique 
directions which causes the lamellae to have different densities of the fibril matrix [9]. 
Dense lamellae are referred to as thin lamellae since they lack substance although they 
have a fiber-rich layer. Thick lamellae have a collagen-poor layer with fewer fibers but 
have more substances [9].  
Havers made the observation that the most basic structure of bone discernable 
under the light microscope is the lamellae [3]. As mentioned previously, lamellae that 
concentrically form around blood vessels are known as secondary osteons and are often 
referred to as the Haversian system [3]. 
 
1.2 Mouse Femoral Bone 
 
 The mouse femoral bone samples were chosen because they were easily 
accessible through a collaboration of Dr. Goldman with Mount Sinai School of Medicine. 
However, they have several advantages over other bone samples. Given the complex 
nature of human genetics, a simpler model is needed. Inbred mice provide a great avenue 
for the understanding and learning of bone [10]. In particular, inbred mice have been 
utilized as a genetic tool to uncover genes whose normal allelic variation regulates bone 
mineral density (BMD).  Furthermore, mice are easy to breed and have good reproductive 
capacity as well as a short life span so generations of mice can be inbred over a relatively 
short time period to give identical genes. Since inbred strains of mice were developed 
almost a century ago there is a high availability of inbred mouse strains. There are more 
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than 700 pure inbred strains available including the C57BL/6J (B6) which is the standard 
strain that most laboratories use in their research.  Secondly, individual strains are 
different from all other strains and has its own set of phenotypic characteristics 
particularly seen in variations of bone mineral density measurements between strains 
[10]. Therefore, comparing two inbred strains of mice offers a very well controlled 
experiment where variations within a strain will be far less than between strains.  
 Different strains of inbred mice have noticeably different structural features in 
their bones as well as differences in mechanical properties [11]. Tommasini et al studied 
three inbred strains of mice looking at the cross sections of the femurs at the mid-
diaphysis of mice at 16 weeks which is the age of peak bone mass [12, 13]. The structural 
differences are quite apparent between the strains (see Figures 1.3 and Table 1.1). 
Looking closely at the AJ and B6 strains there are also mechanical differences as well. AJ 
mice have slender femurs and a small cortical area with a small polar moment of inertia 
as well as a high ash content, low whole-bone stiffness, low maximum strength and they 
are brittle. B6 mice also have a small cortical area but a larger polar moment of inertia 
with low ash content, low whole-bone stiffness, low max strength and they are ductile. 
Further analysis of these properties led Jepsen et al. to conclude that the small moment of 
inertia in the AJ strain was compensated by an increase ash content thereby resulting in 
similar stiffness values to B6 [14]. 
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Figure 1.3 Images of cross-sections of inbred mouse femoral bone at the mid diaphysis in 
two strains of 16-week-old female mice. Picture AJ (left) and B6 (right) [15]. Used with 
permission of Dr. Jepsen. 
 
 
 
Table 1.1 Comparison of whole bone properties in two strains of inbred mouse femoral 
bone.  
 
 
 
 
 
 
1.3 Bone Modeling 
 Bone modeling is a process in which bone is deposited and resorbed during 
growth and it is added at a much quicker rate than it is absorbed. There are formation 
drifts that remove and add bone over a wide region of the bone surfaces [4]. In mice there 
is transversal drift of the whole diaphysis, where half the periosteal and cortical-endosteal 
surfaces are depositing bone and the other half is resorbing [16]. The postero-lateral 
cortex is a known area of active bone deposition, in which the periosteal surface is 
forming new bone and the endosteal surface is resorbing bone. The resorption edge is 
characterized by Howship’s lacuna (resorptive cavities) which form the resorptive bays 
where osteoclasts are usually found (Figure 1.4) [4].  
0.5 mm 
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Figure 1.4 Backscattered electron (BSE) image of active of bone deposition. Red arrow 
indicates newly deposited bone with lower mineralization. Blue arrow indicates older 
bone that is highly mineralized. White arrow indicates Howship’s lacuna. Used with 
permission of Dr. Goldman 
  
 
1.4 Nanoindentation 
Given the hierarchical description of bone it becomes necessary to evaluate the 
mechanical properties of bone at lower length scales. Nanoindentation is an ideal tool for 
studying local mechanical properties in heterogeneous biological tissues by sampling a 
small volume of material with each indentation test [17]. Briefly, the nanoindentation 
method employs a hard tip, usually diamond, of specific geometry which indents into a 
material of interest, while accurately measuring load and displacement [18] (Figure 1.5). 
The modulus of the sample can be determined using the Hertz theory and the Oliver-
Pharr model as 
(1) 
3
1
1
*4
3 




=
RE
Pht  
(2) 
i
i
s
s
E
v
E
v
E
22 11
*
1 −
+
−
=  
 10
where:  
E* = Reduced Modulus 
Ei = Modulus of Indenter 
Es = Modulus of Sample 
vi = Poisson’s Ratio of Indenter 
vs = Poisson’s Ratio of Sample 
R = radius of curvature of the indenter tip 
P = Load 
ht = total depth of indentation 
 
 
Figure 1.5 Schematic of indenter of radius R indenting into a material. 
 
 
The Oliver Pharr model suggests that the reduced modulus can be determined 
experimentally using the following set of equations: 
 
(3) 
A
SE
2
* π=  
(4) 
2aA π=  
(5) 
2
2
cc
hRha −=  
(6) 
S
Phh tc ε−=  
 
 
Complete unload
R a
2
eh
cheh
th
rh
Max load
Zone of Indentation                               
aa 4.2
4
3
=
π
 11
where: 
A= Area of elastic contact 
a = radius of indent 
S = Stiffness 
hr = residual depth 
hc = contact depth 
ε  = Geometric factor 
 
The total depth of indentation (ht), max load (P) and stiffness (S) can be determined from 
the load-displacement graph, as shown in Figure 1.6. These values can be substituted into 
Eq. 6 to solve for contact depth (hc) which is used in Eq. 5 to get the radius of indent. 
This value yields the area of elastic contact by employing Eq. 3. Finally the residual 
modulus can be solved for in Eq. 3. Given the known indenter modulus and poisson ratio 
along with the Poisson’s ratio of the material the elastic modulus is found using Eq. 2.  
 
 
 
Figure 1.6 Typical nanoindentation load-displacement curve indicating key parameters 
used in Oliver-Pharr Model.  
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Nanoindentation Studies in Bone 
 Nanoindentation can be used in bone to discern the microstructural differences in 
bone tissue compared to its macroscopic elastic properties. The elastic modulus is 
typically elucidated using the Oliver-Pharr method and employing a Berkovich tip. It is 
important to take into account the effects of sample preparation, viscoelasticity and tip 
geometry on modulus values.   
 Bone specimens used in nanoindentation are often dried to avoid complications 
associated with testing in liquid environments [19]. Rho et al. explored the effects of 
drying on the mechanical properties of bovine femoral bone, testing wet versus dry 
interstitial and osteonal bone. The wet sample was kept fully hydrated during 
nanoindentation using a specialized fixture designed for wet specimen testing. A diamond 
Berkovich tip was used for indentation. The results of the study concluded that drying the 
bone increased the elastic modulus of interstitial and osteonal bone by 9.7% and 15.4%, 
respectively. In the case of osteonal bone the elastic modulus was 21.1 GPa under wet 
conditions and 24.4 GPa under dry conditions. However, these samples were only dried. 
Oftentimes samples are fixed in ethanol to prevent bacterial growth and embedded in a 
resin for ease of use and to provide support for a porous network [20]. In a study 
conducted by Hensberger et al., samples of human lamellar bone were tested under dry 
and physiological conditions in which the samples were embedded in 
polymethylmethacrylate  (PMMA) again using a Berkovich tip [21]. The results yielded 
elastic moduli of 11.06 to 31.6 GPa and 7.4 to 18.5 GPa for dry and physiological 
conditions, respectively. Clearly, drying the samples affects the mechanical properties of 
the bone, yielding an increase in elastic modulus. Bushby et al. compared testing between 
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samples under wet conditions, in ethanol and embedded in PMMA. The test used a 21 
μm indenter tip and yielded a steady modulus increase from 11.7 GPa to 15.0 GPa to 19.4 
GPa for wet, dehydrated in ethanol and embedded conditions, respectively. This 
demonstrated that the role of water in fine pore spaces and its interaction with collagen 
strongly influences the mechanical behavior of bone [22]. The modulus values of 
prepared samples are comparable to one another and are relative values and not absolute 
values. 
 Another important parameter is the viscoelastic response of the specimen [23]. 
Much of the mechanical properties obtained from the nanoindentation load-displacement 
data is based on the premise that the upper portion of the unloading curve is dominated 
by elastic not a viscoelastic recovery [19]. To minimize the effects of viscoelasticity and 
creep a long hold period is typically used. Rho et al. found that a hold time of 200 
seconds resulted in relatively small viscoelastic effects compared to thermal effects. 
 
 
1.5 Raman Spectroscopy Studies of Bone 
 
Non-destructive vibrational techniques such as Fourier Transform Infrared 
Spectroscopy (FTIR) and Raman Spectroscopy (RS) are applied to bone in an effort to 
gain a better understanding of the composition at the lamellar level, for example the 
mineral to matrix relationship [24]. Infrared analysis has long been applied to bone and 
has been used to establish quantitative metrics of bone composition and crystallinity. 
Raman analysis has only recently been applied to bone, owing to the tendency for 
biological tissues to auto-fluoresce. It is typically used in qualitative studies but has a 
superior spatial resolution compared to FTIR. As with nanoindentation there are specific 
 14
challenges that need to be addressed to use Raman spectroscopy as an analysis tool in 
bone. These include correcting for fluorescence, establishing rigorous mathematical 
procedures for analyzing spectra, and establishing robust sample preparation techniques. 
Biological tissues tend to auto-fluoresce due to protein in the sample. Historically, 
bone samples were deproteinated to overcome this problem to allow for analysis of the 
mineral component of bone. However, most of the organic component is then lost. In a 
landmark study conducted by Smith and Rehman, Fourier transform Raman (FT-Raman) 
was used to study cortical bone [25]. The subsequent spectra were compared to 
previously obtained spectra from a separate study of deproteinated bone. The differences 
in spectra are apparent; the organic components were retained in this new 
characterization method. Specific peaks associated with the organic components of bone 
tissue at 2930 and 1443 cm-1 show marked decrease in intensity. Furthermore, the 
resultant spectra are nearly fluorescence free, allowing analysis of well-defined peaks. 
The technique employed an Infrared 1064 nm excitation laser which eliminates most of 
the fluorescence. Other excitation lasers can be used to reduce fluorescence such as 
Ultraviolet (UV) and Near-IR. The idea is to minimize the contribution of fluorescence 
by pushing it to the outer limits of the visible spectrum. 
Recently, Ager et al. looked at Deep-UV (244 nm) excitation of human cortical 
bone, paying close attention to the organic components of the spectra [26]. Traditionally, 
Deep-UV lasers have been avoided due to their tendency to burn the bone sample. In this 
case a rotating stage (~45 rpm) was used to overcome that problem. Although the organic 
component, Amide I, is resonantly enhanced the trade-off is a lack of site specific 
information. The Amide I peak was deconvoluted into two peaks at approximately 1610 
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and 1655 cm-1. The authors attributed the 1655 cm-1 peak to the nonreducible cross-link 
content of bone. Their research concluded that there was an age-induced increase in the 
contribution of the 1655 cm-1 peak.  
Another important parameter determined using Raman Spectroscopy is the 
mineral to matrix ratio. Timlin et al. define this as the integrated intensity ratio of the 
phosphate band (960 cm-1) to the Amide I band (~ 1650 cm-1), however the CH2 wag 
band (~1450 cm-1) could also be used in lieu of the Amide I band [8]. The mineral to 
matrix ratio was found to be a marker of bone mineralization using infrared absorption 
bands in a study performed by Boskey et al [27]. More insight can be gained into the 
structure of the HAP crystals. As mentioned previously, the HAP crystal is highly 
substituted. The monohydrogen phosphate (MHP) to phosphate ratio can be determined 
using the integrated intensity ratio of the 1003 cm-1 and 960 cm-1 band, respectively. The 
extent of B-type carbonate substitution on the phosphate lattice is similarly found using 
the integrated intensity ratio of the 1070 cm-1 and 960 cm-1 band, respectively. These 
ratios give a better description of the amount of substitution which may directly affect the 
mechanical properties of the bone tissue; these have not yet been fully explored. 
As previously mentioned, sample preparation can affect the characterization of 
the bone samples using Raman spectroscopy as in the case of deproteination. Oftentimes 
bone is fixed to prevent bacterial growth of the sample and avoid biohazard, and then 
embedded commonly in PMMA. The latter is used to allow for simpler sample holding 
and subsequent sectioning of the sample if necessary. Yeni et al. took a closer look at the 
effects of these processes on the bone samples themselves questioning whether the 
sample preparation could alter the composition and physiochemical status of the bone 
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tissue resulting in an alteration of the spectral parameters described previously [28].  This 
study found changes in the Amide I band intensity relating to fixation using ethanol and 
glycerol. The CH2 wag intensity band that can also be used to assess collagen content was 
minimally affected by ethanol fixation. However, glyercol increased the intensity of the 
CH2 wag band leading to a reduction in the mineralization parameter. PMMA does not 
interact with chemical groups in the matrix so any changes in spectra would be due to 
band overlap. This study showed an overlapping of embedding peaks where the 
phosphate peak led to an increase in crystallinity values. The crystallinity was calculated 
as full width-half max of the phosphate peak found at 960 cm-1. 
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CHAPTER 2: SAMPLE PREPARATION, INSTRUMENTATION AND TEST 
PROCEDURES 
 
 
2.1 Mouse femoral bone sample preparation 
 
AJ and B6 female mice were sacrificed by Mount Sinai College of Medicine at 16 
weeks of age so the long bones were at peak mass [12, 13]. The right femur was fixed in 
70% ethanol and dehydrated in ascending grades of alcohol. A total of 8 samples, 4 of 
each strain, were used in the following study. Two of the samples, AJ1 and B61 were 
embedded in polymethylmethacrylate (PMMA) with a dibutylphthalate (softener). The 
remaining samples were embedded in PMMA without a softener. The specimens were 
cross sectioned using a Buehler Isomet saw just distal to the third trochanter which makes 
them just proximal to the mid-shaft. Each sample’s surface was ground using silicon 
carbide papers in progressively finer grit size (800, 1200 and 2400). The AJ1 and B61 
samples were polished on a microcloth with a 3 μm and 1 μm,  Stuers Duo diamond 
suspension and finished with an OPS (0.05 μm) silica suspension. The other samples 
were polished using the Buehler TexMet cloth and Microcloth for 3 μm and 1 μm 
Buehler Metadi Supreme polycrystalline diamond suspensions, respectively. These 
samples were finished with a 0.25 μm diamond suspension using the Microcloth. The 
Buehler polishing solutions were employed in combination with distilled water to prevent 
diamond particles from sticking to the bone. After each polishing step these samples were 
wiped using a KimWipe and 70% ethanol to further reduce any diamond particle 
contaminations. All of the samples were sonicated for 1 minute in distilled water after 
grinding and between polishing to further reduce any possibilities of surface 
contamination.  
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2.2 Raman Spectroscopy 
 
A Renishaw 1000 Raman micro spectrometer using a semiconductor diode 
excitation laser operating at 785nm was employed in this study. The 50x objective lens 
(NA = 0.75) provided a laser spot size of approximately 2 μm. Spectra were taken point 
by point in extended mode from 750cm-1 to 1800 cm-1 using a grating of 1200 I/mm. 
Initial tests were conducted using an interrogation time of 20s where the final spectrum of 
each spot was an average of three scans. Typically, several accumulations of the same 
spectra will improve the relative signal to noise ratio and allow the signal level of a weak 
peak to be improved without saturating stronger peaks.  However, a detector interrogation 
time for each scan of 60s for a single scan produced the same signal to noise ratio and 
required less time for overall mapping. There was no concern of saturation of the charged 
couple detectors (CCD) with a higher exposure time since the spectra did not feature a 
high background. The latter procedure was used in mapping to reduce experimental time. 
A Renishaw silicon piece was used for x-calibration of the wavenumbers of the Raman 
spectra with a sensitivity of less than 1 cm-1.  
All analyses were performed using the Wire 2.0 Software. The spectra were 
divided into two sub regions for analysis based on methods used by Timlin et al. [8]. The 
first region was from 750-1150 cm-1 which contains bands arising from vibrations of the 
mineral component of bone, and the second region from 1170-1800 cm-1 which contains 
mostly bands of bone matrix. This pre-processing step reduced background effects and 
focuses on the regions of the spectra where the signal is due to mineral or matrix. After 
separation into the two sub regions, mineral and matrix, the former was further analyzed 
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to subtract fluorescence using a combination of a single line and a curve (Figs. 2.1a and 
2.1b). The matrix used a baseline to subtract fluorescence and both sub regions were 
curve fit. 
 
 
 
 
 
 
Figure 2.1a Raman spectra of mineral sub region before fluorescence subtraction (red), 
fluorescence baseline (black) and fluorescence curve (blue). 
 
 
 
 
Figure 2.1b Raman spectra of mineral sub region after background subtraction. 
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The curve parameters used were developed from a single B6 strain spectra where limits 
were imposed on the central peak position to ensure proper fitting of each curve in the 
sub region over 500 iterations. These curve parameters were used in all analysis of 
subsequent spectra for both strains. The Wire software uses a combination of Lorentzian 
and Guassian curves to fit each peak. The percent Guassian to Lorentzian translates to 
disordered versus ordered structure, giving an indication of the crystallinity of the 
material [29, 30].  
 Compositional characteristics of bone can be obtained from peak intensities of the 
recorded spectrum [31]. Peak intensity of the phosphate, carbonate, monohydrogen 
phosphate, Amide I and CH2 wag bands were analyzed (Table 2.1). Phosphate to 
monohydrogen phosphate and phosphate to carbonate peak intensity ratios were assessed 
to investigate differences in impurities between strains. The mineral to matrix ratio, 
which relates to bone mineralization [27], was determined using the phosphate to CH2 
wag peak intensity ratio. The CH2 wag band was chosen over the Amide I band for two 
reasons; (i) the CH2 wag band was more distinguishable in the Raman spectra (ii) ethanol 
fixation methods have been known to alter the Amide I band intensity, while the CH2 
wag intensity band is minimally affected by ethanol fixation [28]. However, PMMA 
bands do overlap the CH2 wag band (Table 2.1, Figure 2.2). The PMMA contributions 
were considered minimal since the strongest peak of PMMA at ~820 cm-1 is minimally 
observed in the bone spectra; the peak intensity ratio of the peak of interest in bone to 
PMMA was about 0.05. Therefore, it is reasonable to assume that the effects of the 
PMMA band on the CH2 band peak intensity are negligible. No extra processing steps 
were taken to eliminate the effects of PMMA on the spectra. 
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Table 2.1 Peaks of interests analyzed using Raman spectroscopy. 
 
Band Position (cm-1) Parameter 
Phosphate (PO43-) 960 Mineral 
Carbonate (CO32-) 1071 Mineral 
Monohydrogen Phosphate (HPO42-) 1003 Mineral 
Amide I  ~1650 Matrix 
CH2 wag ~1450 Matrix 
 
 
 
 
 
 
Figure 2.2 Raman spectra of bone (top, red) indicating peaks of interest, (bottom, blue) 
Raman spectra of PMMA showing overlapping bands with bone peaks. 
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Line maps 
 
 Line maps were taken across the width of the cortical bone at the posterior-lateral 
(P-L) cortex to analyze areas of active deposition (Figure 2.3). Each line map was taken 
from the endosteal perimeter to the periosteal perimeter of the cortex. Given the 
heterogeneity in thickness between samples the locations were normalized so that the 
endosteal perimeter is 0 and the periosteal perimeter is 1. Each spectrum was gathered at 
2μm intervals over the length of the cortex. The first and last points of each line map 
were taken from the PMMA surface to ensure the entire cortical region was sampled. The 
PMMA spectra were eliminated from the data set and not used in subsequent analysis. 
 
Figure 2.3 Transverse cross-sectional image of the mid-diaphysis of a 16 week old AJ 
strain, female mouse. Raman spectra were taken along a line at the postero-lateral cortex 
from the periosteal perimeter (Pr) through the mid cortical thickness (M) until the 
endosteal perimeter (E). The 2-D maps were taken from the Pr to M boxed in red.  
 
 
2-D maps 
 
 The periosteal perimeter was further analyzed up to the mid-cortical thickness to 
more closely examine the formation of newer bone. The 2-D maps were taken at intervals 
of 5 μm sampling approximately a 60 x 50 μm area of bone. Some samples analyzed a 
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larger area due to a larger cortical thickness. Again, each mapping started in PMMA to 
ensure the depositional edge was fully captured and the PMMA spectra were eliminated 
from the data set. 
 
2.3 Stress Strain curves from spherical tip nanoindentation1 
 
 A spherical tip indenter of radius 13.5 μm was used in nanoindentation studies of 
bone. Line maps were made in the same location where Raman spectra were taken. So 
the results of the two techniques, local mechanical properties and local bone composition, 
can potentially be correlated leading to a better understanding of the physics of 
mechanical deformation in bone. The samples were loaded and unloaded at the same rate 
(10.00nm/s load; 10s unload time). The peak hold time was set at 100s in order to reduce 
the effects of viscoelasticity and creep during the transition from the loading segment to 
the unloading segment. The maximum depth of indentation was 100nm so the spot size of 
each indent was about 2 μm, similar to the spot size of the Raman. The indents were 
spaced 10 μm apart so stresses induced from indentation have minimal effects on 
subsequent indents. 
 Recently, a new data analysis method has been developed to obtain indentation 
stress-strain curves from spherical nanoindentation [32]. This method builds on the Hertz 
theory (Figure 2.4 and 2.5) and defines indentation stress (σind) and indentation strain 
(εind) as 
 
 
                                                 
1 Acknoweldgement: Siddhartha Pathak created all images in section 2.3. Dr. Kalidindi 
and Siddhartha Pathak developed the stress-strain methods and the technique used in this 
thesis work.  
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As previously mentioned, ht is the total depth of indentation into the sample by the 
indenter tip at a load P, and the radius of contact under load is a.  For a purely isotropic 
elastic response the indentation stress and indentation strain have a linear relationship. 
 
 
 
 
Figure 2.4 Schematic representation of indentation load-displacement curve. 
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Figure 2.5 Typical indentation stress-strain curve obtained from the raw load-
displacement curve obtained in spherical nanoindentation. 
(8) 
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Note the definition of strain in this technique is different from previous definitions given 
as a/R [33]. The indentation strain defined in Eq. 7 is motivated by picturing a cylinder of 
radius a and an effective initial height of the indentation zone as 2.4a. During indentation 
the height of this region is contracted by ht. So indentation strain is defined as the change 
in height during indentation, ht, over the initial height, 2.4a (Figure 2.6). 
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Figure 2.6 Schematic of contact between a spherical indenter tip of radius R and a flat 
specimen. 
 
 
 
 The modulus found using the Oliver-Pharr method mentioned previously is 
typically obtained from the unloading segment of the measured load-displacement curve. 
The modulus values obtained from unloading actually correspond to the material that 
might have been altered by the indentation itself. For example, the material under the 
indenter may have been densified. In this work, the Young’s modulus has been extracted 
using the unloading portion of the curve derived from the indentation stress strain curve 
(Eq. 8).   
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CHAPTER 3: RESULTS AND DISCUSSION 
 
3.1 Raman Spectroscopy: Composition ratios 
Monohydrogen Phosphate (MHP) to Phosphate Ratio 
The mineral composition was assessed using MHP to phosphate and carbonate to 
phosphate intensity ratios. Fully mineralized bone is characterized by substantial amounts 
of carbonate impurities in the phosphate lattice with a small amount of MHP [8]. 
Conversely, less mineralized bone has relatively smaller amount of carbonate and larger 
amounts of MHP. There is speculation that MHP is a precursor to phosphate in the HAP 
lattice [34]. 
One of the features seen in Figures 3.1 and 3.2 is that at the depositional edge 
(periosteal perimeter) there is an increased amount of MHP. Since the bone has recently 
been laid down in that area it has not reached peak mineral maturity. Also, in some cases 
there is an increase of MHP at the resorption edge (endosteal perimeter). This suggests 
that as the bone is being demineralized and the collagen is being dissolved (through the 
activity of osteoclasts, the cells responsible for bone resorption), the phosphate reverts 
back to MHP. Within a strain there is variability in the minimum level of substitution 
from MHP especially within the B6 strain which ranges from 0.05 to 0.15. The AJ strain 
is more consistent reaching a minimum level around 0.1. Comparing between strains, 
with the exception of the B67 sample, the AJ strain seems to reach a lower level of 
substitution compared to the B6 strain. This means that the B6 strain has a greater amount 
of MHP impurities in the lattice. More work would have to be done to see how 
substantial the differences in MHP impurities are between strains, and whether these 
differences are statistically significant. Currently, the sample size is too small to find 
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statistically significance in the differences between strains so the bulk of analysis is based 
on descriptive details. At the depositional edge there seems to be a difference in the rate 
at which the MHP is converting to phosphate. In the B6 strain there appears to be a 
consistent rate of change in the last 20 percent of the cortical area (from 1 to 0.8). The AJ 
strain has two different rates of conversion from MHP to phosphate. Therefore, it is 
difficult to draw any conclusions based on rate of change between strains. Taking the 
data as a whole through binned averages by binning the normalized location and 
averaging the intensity ratio values across those regions for each strain (Figure 3.3); it is 
easy to see the amount of overlap in the data. On average it appears that the AJ has a 
lower level of MHP substitution past the mid cortical thickness to the endosteal 
perimeter. However, the error bars overlap between both strains so more samples are 
needed to validate this trend. 
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Figure 3.1 MHP to Phosphate Intensity Ratio of the B6 Strain at the P-L cortex from the 
endosteal perimeter (0) to the periosteal perimeter (1).  
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Figure 3.2 MHP to Phosphate Intensity Ratio of the AJ Strain at the P-L cortex from the 
endosteal perimeter (0) to the periosteal perimeter (1).  
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Figure 3.3 MHP to Phosphate Intensity Ratio binned average in each strain (n=5/strain) 
with error bars at the P-L cortex from the endosteal perimeter (0) to the periosteal 
perimeter (1). 
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Carbonate to Phosphate Ratio  
Looking at the carbonate substitution (Figures 3.4 and 3.5) it is easy to see the 
overlap between strains. 
 
 
 
Figure 3.4 Carbonate to Phosphate Intensity Ratio of the both strains at the P-L cortex 
from the endosteal perimeter (0) to the periosteal perimeter (1). The B6 strain is in blue 
and the AJ strain is in red. 
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Figure 3.5 Carbonate to Phosphate Intensity Ratio binned average in each strain (n=5 AJ, 
n=4 B6) with error bars at the P-L cortex from the endosteal perimeter (0) to the 
periosteal perimeter (1). 
 
Both strains reach a saturation limit for B-type carbonate substitution. This saturation 
limit ranges from 0.15 to 0.1 in both strains. The rate of substitution also overlaps 
between strains with no noticeable differences. This means that both strains are equally 
affected by carbonate substitution. Considering these results and the previous results from 
MHP to phosphate ratios, it is possible that the mineral in the B6 strain has more 
impurities than the AJ strain.  
 
Mineral to Matrix Ratio  
The mineral to matrix ratio was defined as the phosphate to CH2 wag intensity 
ratio and relates to the mineralization of the bone samples. As mentioned previously, 
either the CH2 wag band or the Amide I band can be used as a marker of matrix (Figure 
3.6).  
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Figure 3.6 Mineral to Matrix Intensity Ratio for AJ7 calculated using intensity ratios for 
phosphate to Amide I (red) and phosphate to CH2 wag (blue). 
 
 
The B6 strain (Figure 3.7a) shows a consistent rate of change at the depositional 
edge in the last 15% of the cortical area (1 to 0.85) but has varying degrees of 
mineralization. The B67 sample that showed lower levels of MHP now has much higher 
level of mineralization. The other two samples share a maximum mineralization at little 
less than 15.0. 
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Figure 3.7a Mineral to Matrix Ratio of the both strains at the P-L cortex from the 
endosteal perimeter (0) to the periosteal perimeter (1).  
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Figure 3.7b Mineral to Matrix Ratio of the both strains at the P-L cortex from the 
endosteal perimeter (0) to the periosteal perimeter (1).  
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Figure 3.8 Mineral to Matrix Ratio binned average in each strain (n=3/strain) with error 
bars at the P-L cortex from the endosteal perimeter (0) to the periosteal perimeter (1). 
 
 
The AJ strain (Figure 3.7b) also has a consistent rate of change at the depositional edge in 
the last 10 percent of the cortical thickness (from 1 to 0.9).  It appears that the AJ strain 
reaches higher mineralization, with the exception of the B67 sample, than the B6 strain. 
The AJ strain reaches mineralization levels greater than 15.0. It is expected that the AJ 
strain would have a higher mineralization since it has higher ash content. Meaning the 
whole bone properties of the AJ strain when compared to the B6 strain indicated higher 
levels of mineral. There appears to be a higher mineral to matrix ratio in the AJ strain 
(Figure 3.8), however, there is an overlap in the error bars meaning a larger sample size is 
necessary to statistically validate this claim. 
 The rate of change between strains is different. The AJ strain is mineralizing bone 
much faster than the B6 strain. Surface plots were created from 2-D Raman mapping of 
the depositional (periosteal perimeter to the mid-cortical thickness) of the bone to further 
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analyze the mineralization (Figure 3.9). The surface plots created here are the first of 
their kind in bone. 
 
   
Figure 3.9  Left image of AJ4 sample indicating location of Raman mapping at P-L cortex 
from periostal perimeter to the mid cortical thickness. Right image of B66 sample under 
light microscope in region of 2-D mapping. 
 
 
 
Raman surface plots show the progression in mineralization betweens strains (Figures 
3.10 and 3.11). The plots show the true location where the spectra were taken from the 
periosteal edge at 0 μm and the mid-cortical thickness at about 60 μm. Each spectra was 
accumulated at 5 μm distances in the x and y direction. 
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Figure 3.10 Surface plots of B6 strain showing mineralization from periosteal edge (0 
μm) to mid-cortical thickness (60 μm).  
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Figure 3.11 Surface plots of AJ strain showing mineralization from periosteal edge (0 
μm) to mid-cortical thickness (~55 μm).  
 
 
 
It is evident from the contour plots that the AJ strain is mineralizing at a much faster rate 
than the B6 strain. Within 15 microns from the depositional edge peak mineralization 
(~16-20) is reached in the AJ strain. It takes the B6 strain 15 to 20 microns to reach a 
peak mineralization at a range of 12-16. Since the AJ strain reaches higher levels of 
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mineral content, the mineralization process is occurring rapidly at the depositional edge.  
In order to definitely relate this data to mineralization and bone depositional rates in these 
mice, we need to correlate this data in future with information on the location of vital 
labels incorporated into the bone at specific intervals prior to sacrifice.  This can be 
accomplished by confocal laser microscopy. The surface plots show a clear description of 
the heterogeneity of the sample. Tracing a single transect in the 2-D plot from the 
periosteal perimeter to the mid cortical thickness and another transect in the same sample 
can show dramatically different trends. This is a source of error when using line maps 
and may be responsible for the scatter found in the line map data.  Also, this tool has 
great potential at correlating compositional information to other imaging modalities 
included backscattered electron (BSE) imaging, confocal laser microscopy, etc.  
 
 
3.2 Nanoindentation 
 
Indentations were made into the surface of the bone along the same line used for 
Raman mapping. This data could later be used to correlate composition to mechanical 
properties. The unloading modulus was determined using the unloading portion of the 
stress-strain curve. (Figures 3.12 and 3.13). 
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Figure 3.12 Modulus values at the P-L cortex from the endosteal perimeter (0) to the 
periosteal perimeter (1) in two select samples showing trends. 
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Figure 3.13 Modulus values, binned average in each strain (n=3/strain) with error bars at 
the P-L cortex from the endosteal perimeter (0) to the periosteal perimeter (1). 
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There is a decreased modulus close to the depositional edge which is expected since the 
bone is not fully mineralized. Past the mid cortical thickness to the endosteal perimeter 
there is an increase in modulus. Looking at the binned average in each strain, the AJ 
strain appears to have a higher modulus. However, the error bars indicate there is an 
overlap which means more samples are necessary to validate this trend.  
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CHAPTER 4: CONCLUSIONS 
 
The goal of this work was to correlate nanoindentation results to Raman 
spectroscopy. This goal was not met and linkages were not determined in this research. 
However, important information was gained and the ground work was laid for future 
linkages of structure and property. The maturation process of the crystal, specifically 
looking at the relative substitutions of the lattice was traced using Raman spectroscopy 
across the bone cortex from mature bone to newly deposited bone. The carbonate 
substitutions in all samples showed a saturation value where there was no further 
carbonation of the sample throughout most of the bone cortex. All samples reached full 
carbonation at 20% into the cortical area from the depositional edge (periosteal 
perimeter). From the resorption edge (endosteal perimeter) there was a change in 
carbonation past 5% into the cortical area. There was no discernable difference in 
carbonation levels between strains, where samples varied from 0.17 to 0.09 in 
carbonation saturation values. This means that both strains have relatively the same level 
of carbonate impurities in the lattice. Surprisingly, MHP is continually being removed 
from the crystal lattice throughout the bone cortex, appearing to have no saturation value. 
The MHP levels showed slight differences between strains which were greatest at the 
depositional and resorption edges. The AJ strain appears to have a lower MHP level than 
the B6 strain, meaning the B6 strain has a higher level of MHP impurities. Looking at the 
onset of crystal maturation from the depositional edge, the rate at which the MHP levels 
decrease between strains is difficult to discern. At this time no conclusions are drawn 
between rate differences in both strains but future attention should be placed on this.  The 
mineral to matrix ratios between strains are different as well, with AJ having a higher 
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mineralization level than B6 as expected. The rate at which the bone mineralizes from the 
depositional edge to the mid cortical thickness is faster in the AJ strain, meaning there are 
higher mineralization levels reached across the same area when compared to the B6 
strain. This is further supported by 2-D maps which sampled areas of active bone 
deposition from the postero-lateral cortex going from the periosteal perimeter to mid-
cortical thickness. The 2-D maps clearly show the mineralization process in each of the 
strains (n=2) where the B6 reaches lower mineralization compared to the AJ at the same 
sampled area of the bone (approximately 60 μm). A larger sample size of 16 is needed to 
statistically validate this result.  
The nanoindentation data did not show significant differences between strains 
using the stress strain derived modulus. The AJ strain was hypothesized to have a higher 
modulus due to higher mineralization; however, this was not apparent in the data as seen 
in the error bars from the binned average. Nanoindentation modulus values were sensitive 
to the depositional edge, showing a gradual decrease in modulus from the mid cortical 
thickness to the periosteal perimeter.   
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CHAPTER 5: FUTURE DIRECTIONS 
 
Based on the work presented, the B6 strain has a slightly higher level of 
impurities in the mineral lattice when compared to the AJ strain. However, there is 
limited understanding as to how these impurities affect bone’s material properties. 
Moreover, it is difficult to isolate the effective properties of the mineral, given that it is so 
intimately intertwined with bone’s collagen matrix. A possible solution is to work with 
synthetic hydroxyapatite. Although this structure is not identical to that found in bone, it 
is a reasonable starting point. Assessing the mechanical properties of hydroxyapatite 
using nanoindentation will provide modulus values similar to that of the mineral 
component of bone. Adding carbonate ions to the hydroxyapatite lattice and assessing the 
modulus values will give insight into how impurities affect the mechanical properties of 
the lattice, if there is an effect at all.  
In the future, these methods can be used to provide details of post-yield behavior 
differences between these two mouse strains, owing to the use of nanoindentation stress-
strain curves.  Such differences would be expected based on previous work by Jepsen et 
al (2001). Currently, it is not known what governs this behavior; it could be due to 
impurities of the hydroxyapatite. Raman spectroscopy can be used to determine the 
weight fraction of hydroxyapatite to carbonate by establishing a phenomenological 
equation. Correlations can be then be drawn between weight fraction and modulus. 
However, this does not indicate how greatly the bone is affected by impurities only if 
there is a potential that it is affected. 
Building on this, modulus values should also be obtained for collagen. Adding a 
cross-linking agent to the collagen and studying these results in nanoindentation and 
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Raman spectroscopy will further add to our knowledge of bone. Using the measurements 
for synthetic hydroxyapatite and the information gained by cross-linking with the 
collagen modulus values and the effects of cross-linking should give a clear description 
of the bone based on two constitutive parts: collagen and hydroxyapatite. 
The third major component of bone is water and was not addressed in this study. 
The samples used in this work were dehydrated, fixed and embedded in PMMA for 
reasons stated previously. The resin infiltrated the bone structure as seen by the presence 
of a PMMA peak in the Raman spectra of bone. The amount of PMMA can be 
determined by taking a ratio of peak intensities of the band at ~820 cm-1 found in bone 
samples versus the peak intensity of that same band found in pure PMMA outside the 
bone sample. However, this still does not give the exact modulus effects on bone. The 
samples used were also dehydrated and fixed. In order to accurately determine the 
modulus of bone, testing must be done on fresh samples. This is a difficult task to 
accomplish because nanoindentation requires a superior surface finish. Furthermore, 
keeping the sample well-hydrated in a biological serum during indentation could pose 
many problems. Lastly, the mouse femoral bone samples are very small and difficult to 
handle without embedding. Holding a fresh sample in the indenter will be quite 
problematic. It may be necessary to switch to larger bone samples (bovine, horse, human, 
etc.) once preliminary results are established using the mouse femurs.  
Continuing research on the mice themselves will be important to increase sample 
size and statistically validate results. Furthermore, the mouse bones can be sectioned to 
look at different planes and influence of orientation lamellar orientation on modulus 
values. This would greatly impact our understanding of bone quality and skeletal fragility 
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by giving insight into structure property relations from a materials engineering 
perspective.  
 
 
 
 46
CHAPTER 6: FIGURES 
 
 
 
 
Figure 6.1 Exposure/accumulation test run in B61 sample. Red exposure time of 20 
seconds averaged over 3 accumulations. Black exposure time of 60 seconds from a single 
accumulation.  
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Figure 6.2 Reproducibility validation tests in AJ4 sample. Small area of bone was 
repeatedly tested using line maps at varying laser intensities as labeled. Note the overlap 
meaning the sample is not burning and the data is reproducible. 
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Figure 6.3 PMMA verification test using peak intensity ratio of PMMA to Phosphate 
curves. Shows sharp change in peak heights from bone (right) to PMMA (left). 
 
 
 
 
Figure 6.4 Picture of line map showing bone edge into PMMA used in Figure 6.3. 
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Figure 6.5 Phosphate to Monohydrogen Phosphate 2-D contour maps in top AJ1 sample 
and bottom B61 sample from periosteal perimeter (-20 μm) to mid-cortical thickness (20 
μm) 
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 Hierarchical linkages of bone structure and mechanical properties at lower length 
scales to macroscopic properties remain poorly understood [1, 2]. Critically assessing the 
bone architecture at different length scales using a combination of advanced materials 
characterization techniques is necessary to study connections between bone structure and 
properties. The gap in understanding these linkages from higher length scales to 
microscopic features is clearly needed for assessing bone health. Oftentimes fracture risk 
is assessed using Dual-Energy X-ray Absorptiometry (DXA) to measure bone mineral 
density (BMD) [3]. Bone strength is not accurately described solely by BMD as 
evidenced by the fact that BMD only accounts for 60-70% of variation in bone strength 
[3]. More attention must be paid to understanding bone quality, looking at tissue and 
matrix level composition as well as geometry, assessing tissue quantity and distribution 
[4]. 
This research is preliminary work aimed at establishing methodologies for 
reliably assessing bone composition and mechanical structure at the microscale. Two 
strains of inbred mice were chosen as the bone model because they offer an identical 
genome within a strain and are well-established in bone disease research [5]. The bulk of 
this research focuses on using Raman spectroscopy to assess compositional differences 
between two strains of inbred mouse femoral bone. These strains were selected because 
of their known macroscopic property differences. Looking at the postero-lateral cortex, 
areas of newly formed bone and matured bone are sampled using line maps. This 
 x
captures the entire formation process of bone from deposition to resorption. Particular 
attention was paid to impurities of the crystal lattice, carbonate and monohydrogen 
phosphate. Typically, B-type carbonate substitution is studied since it makes up the bulk 
of impurities in the phosphate lattice [2]. This research investigated monohydrogen 
phosphate impurities as well, looking at the maturation process of the mineral across the 
bone cortex. Mineral to matrix ratios were also assessed to determine peak level of 
mineralization in each strains.  2-D maps of mineral to matrix composition gave more 
insight into the bone formation process between strains. Lastly, nanoindentation tests 
were performed to elucidate the modulus of the material from the postero-lateral cortex, 
again sampling bone from the depositional edge to the resorption edge. This gives a good 
picture of the difference in modulus between newly laid down bone versus fully 
mineralized bone. The AJ strain should show an increased mineral to matrix ratio and 
modulus since it has a higher ash content versus the B6 strain. The mineral maturation 
process in both strains is not well known so it will be interesting to see which strain has 
higher level of impurities in the crystal lattice. 
 
 
